Magnetic monopoles have eluded experimental detection since their prediction nearly a century ago by Dirac [1]. Recently it has been shown that classical analogues of these enigmatic particles occur as excitations out of the topological ground state of a model magnetic system, dipolar spin ice [2]. These quasi-particle excitations do not require a modification of Maxwell's equations, but they do interact via Coulombs law and are of magnetic origin. In this paper we present an experimentally measurable signature of monopole dynamics and show that magnetic relaxation measurements in the spin ice material Dy 2 T i 2 O 7 [3] can be interpreted entirely in terms of the diffusive motion of monopoles in the grand canonical ensemble, constrained by a network of "Dirac strings" filling the quasi-particle vacuum.
are 100 times smaller than the crystal field terms [8] that confine the spins along the axis joining the centres of two adjoining tetrahedra. As a result, on the 1 K energy scale the moments behave as Ising spins along this axis. Remarkably, within this Ising description the long ranged dipolar interactions are almost perfectly screened [7, 9] at low temperature, with the result that the low energy properties are almost identical to those of an effective frustrated nearest neighbour model with antiferromagnetic interactions [10] of strength J ef f = (5D − J)m 2 /3 . This is equivalent to Pauling's model for proton disorder in the cubic phase of ice [11] , which has extensive ground state entropy and violates the third law of thermodynamics [6] . It successfully reproduces the thermodynamic behaviour of both ice [12] and spin ice [13] and describes the microscopic properties of the latter to a good approximation. The extensive set of spin ice states satisfy the Bernal -Fowler ice rules [14] ; a 3d analogue of the 6 vertex model with topological constraint consisting of two spins pointing into and two out of each tetrahedron (2 in -2 out), as shown in figure 1a. Flipping one spin breaks the constraint leaving neighbouring tetrahedra with 3 in -1 out and with 3 out -1 in, which constitute a pair of topological defects. Within the nearest neighbour model, creation of the defect pair costs energy 4 J ef f , while further spin flips can move the defects at zero energy cost. It has recently been shown [2] that including the full dipolar Hamiltonian of equation (1) leads to an effective Coulombic interaction between the topological defects separated by distance r , µ 0 q i q j /4πr, where µ 0 is the permeability of free space, q i = ±q = ±2m/a, and a is the distance between two vertices of the diamond lattice (see figure 1) ; that is, to a Coulomb gas of magnetic monopoles. Standard electromagnetic theory does allow for such excitations [15] , which correspond to divergences in the magnetic intensity H, or magnetic moment M, rather than in the magnetic induction :
On all length scales above the atomic scale, a 3 in -1 out defect appears to be a local sink in the magnetic moment and therefore as a source of field lines in H . It can lower its energy by moving in the direction of an external field and therefore carries a positive magnetic charge [16] . What is remarkable about spin ice is that it allows for the deconfinement of these effective magnetic charges so that they occur in the bulk of the material on all scales, rather than just at the surfaces within a coarse grained description [15] . A two dimensional equivalent may exist in artificial spin ice, constituting arrays of nanoscale magnets [17] .
Given the accessibility of these magnetic quasi-particles, the development of an experimental signature is of vital importance and interest. The "Stanford" superconducting coil experiment [2, 18] could in principle detect the passage of a single magnetic quasi-particle, but this seems highly unlikely given that the charges have no mass and therefore have diffusive, rather than Newtonian dynamics. A more promising starting point is therefore to look for a monopole signal from magnetic relaxation of a macroscopic sample [3, 8, 19] . The general dynamic behaviour of spin ice is illustrated in figure 2 by the magnetic relaxation time, as a function of temperature for Dy 2 T i 2 O We have tested this idea by directly simulating a Coulomb gas of magnetically charged particles (monopoles), in the grand canonical ensemble, occupying the sites of the diamond lattice. The magnetic charge is taken as q i = ±q. In the grand canonical ensemble the chemical potential is an independent variable, whose value in the corresponding magnetic experiment is unknown. In a first series of simulations we have estimated it numerically by calculating the difference between the Coulomb energy gained by creating a pair of neighbouring magnetic monopoles and that required to produce a pair of topological defects in the dipolar spin ice model, with parameters taken from reference [7] , giving a configurationally averaged estimate µ/k B = 8.92 K. In a second series of simulations µ was taken as the value required to reproduce the same defect concentration as in a simulation of dipolar spin ice at temperature T . Here µ varied by 3% only, with the same mean value as in the first series, showing that our procedure is consistent.
The chemical potential used is thus not a free parameter. As the Coulomb interaction is long ranged, we treat a finite system using the Ewald summation method [20, 21] .
The monopoles hop between nearest neighbour sites via the Metropolis Monte Carlo algorithm, giving diffusive dynamics, but with a further local constraint : in the spin model a 3 in -1 out topological defect can move at low energy cost by flipping one of the three in spins, the direction of the out spin being barred by an energy barrier of 8 J ef f .
An isolated monopole can therefore hop to 3 out of 4 of its nearest neighbour sites only, dictated by an oriented network of constrained trajectories similar to the ensemble of classical "Dirac string" [2] of overturned dipoles [15] . The positively charged monopoles move in one sense along the network while the negative charges move in the opposite direction (see figure 1b) . The network is dynamically re-arranged through the evolution of the monopole configuration. The vacuum for monopoles in spin ice thus has an internal structure ; the Dirac strings which, in the absence of monopoles, satisfy the ice rules at each vertex. This structure is manifest in the dynamics and influences the resulting time scales. In fact the characteristic time scale that we compare with experiment comes from the evolution of the network of Dirac strings rather than from the monopoles themselves.
Indeed, the monopole autocorrelation time, as extracted from the monopole densitydensity correlation function [22] turns out to be small for this range of temperature.
We locally define the string network by an integer σ = ±1, giving the orientation of the Dirac string along each bond of the diamond lattice and define the autocorrelation function
where t is the Metropolis time and N is the number of bonds (up to N ≈ 25000).
For the initial conditions we take an ordered network with no monopoles, which we let evolve at temperature T until an equilibrium configuration is attained. This defines clearly that the experimental relaxation is due to the creation and proliferation of quasi-particle excitations that resemble classical monopoles in the magnetic intensity H.
As the temperature increases, towards the end of the plateau region, a small systematic difference occurs. This is because the spin system can access double defects at finite Finally we consider the response of monopoles to an external magnetic field, h, placed along one of the [100] directions. Applying such a field to a system for closed circuit geometry (periodic boundaries), one might expect the development of a monopole current in the steady state [16] . This is not the case, at least for the nearest neighbour model, where we find that a transient current decays rapidly to zero (see figure 3a) .
The passage of a positive charge in the direction of the field re-organises the network of strings, leaving a wake behind it that can be followed either by a negative charge, or by a positive one moving against the field, with the result that the current stops. This As the ratio T /h and the monopole density go to zero the band narrows and the system forms a conventional layer of magnetic surface charge as one expects for any magnetically ordered system [15] . In the absence of topological defects the magnetization is conserved from one layer to another, so that a charge density profile manifests itself as a magnetization profile. The data here suggest charge build up in a layer several nanometres thick, making it in principle a measurable effect.
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